Studies have suggested that the thalamus is a key structure in the pathophysiology of juvenile myoclonic epilepsy. The objective of the present investigation was to examine the thalami of patients with juvenile myoclonic epilepsy using a combination of multiple structural neuroimaging modalities. The association between these techniques may reveal the mechanisms underlying juvenile myoclonic epilepsy and help to identify the neuroanatomical structures involved. Twenty-one patients with juvenile myoclonic epilepsy (13 women, mean age = 30 ± 9 years) and a control group of 20 healthy individuals (10 women, mean age = 31 ± 8 years) underwent MRI in a 2-T scanner. The volumetric three-dimensional sequence was used for structural investigation. Evaluation of the thalamus comprised voxel-based morphometry, automatic volumetry, and shape analysis. Comparisons were performed between patient and control groups. Voxelbased morphometry analysis identified areas of atrophy located in the anterior portion of the thalamus. Post hoc analysis of automatic volumetry did not reveal significant differences between the groups. Shape analysis disclosed differences between patients and controls in the anterior and inferior portions of the right thalamus and in the anterior portion of the left thalamus. The present investigation confirms that thalami of patients with juvenile myoclonic epilepsy are structurally abnormal with impairments located mainly in the anterior and inferior sections.
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Introduction
Idiopathic generalized epilepsies (IGEs) are common and underdiagnosed disorders characterized by generalized tonic-clonic, absence, and myoclonic seizures. Seizure onset is age related, usually occurs during adolescence, and the neurological examination is normal. Juvenile myoclonic epilepsy (JME) is the most frequent subsyndrome of the IGEs [1] . Importantly, under appropriate diagnosis and treatment, the patients have a high rate of complete seizure control. Otherwise, the impact of frequent seizures in children and adolescents is harmful.
The electrophysiological hallmark of JME is generalized spike-andwave (GSW) discharges with normal background [1, 2] . Qualitative MRI is usually normal in these patients, and on the basis of electrophysiological characteristics, the thalamus has been hypothesized to play an important role in the pathophysiology of JME [3] . This was confirmed in experimental animal models that showed that the thalamus is essential for maintenance of rhythmic GSW discharges [4] . However, the actual role of and details about the participation of the thalamus in the epileptogenesis of JME are currently under investigation.
Quantitative MRI has allowed the identification of minor abnormalities in patients with JME, and these changes are observed mainly in the frontal cortex [5, 6] . The thalamus has also been examined in neuroimaging studies, and the pattern of neuroanatomical involvement described in patients with JME is not consistent [6] [7] [8] [9] . Magnetic resonance spectroscopy (MRS) has also identified biochemical abnormalities in the cerebral cortex and thalamus of patients with JME [10] [11] [12] . These techniques are noninvasive and may be useful in better comprehending epilepsy disorders. The objective of the present study was to examine the thalamus of patients with JME by combining multiple structural neuroimaging modalities.
Methods

Subjects
Patients were consecutively recruited from the outpatient epilepsy clinic of our institution. JME diagnosis was based on clinical and electroencephalographic criteria [1, 2] . For this investigation, all patients had their clinical history detailed and their medical records reviewed. At least one person who previously observed a typical Epilepsy & Behavior 21 (2011) [407] [408] [409] [410] [411] seizure was also interviewed to corroborate seizure semiology. Patients had at least one EEG that showed typical GSW discharges with normal background. The EEGs were performed using the 10-20 international system of electrode placement. All recordings were obtained in the interictal state without sleep deprivation and with photic stimulation as well as hyperventilation. Neurological examinations were normal in all patients.
Imaging
Magnetic resonance images were acquired with a 2-T (GE Elscint, Haifa, Israel) scanner. All patients and a control group of 20 volunteers (10 women, mean age = 31 ± 8 years, range: 22-52) underwent MRI. The control subjects were recruited from the local community. All participants signed an informed consent form, and the investigation was approved by the local ethics committee. Volumetric (threedimensional) T1-weighted images with 1-mm isotropic voxels were acquired using a spoiled gradient echo sequence with flip angle = 35°, repetition time = 22 ms, echo time = 9 ms, matrix = 256 × 220, field of view = 23 × 25 cm, and 1-mm thick sagittal slices. These images were used for the structural investigation. Images were acquired in Digital Imaging and Communications in Medicine (DICOM) format and converted to ANALYZE using the software MRICRO [13] .
Voxel-based morphometry
For voxel-based morphometry (VBM), images had been previously processed using SPM5 software (Wellcome Trust Centre for Neuroimaging, London, England; www.fil.ion.ucl.ac.uk) and VBM5 extension (http://dbm.neuro.uni-jena.de). Images were first submitted to a 12-parameter affine transformation and then to nonlinear warping. This registration process was performed using the International Consortium for Brain Mapping (ICBM) template and was followed by tissue classification in cerebrospinal fluid, gray matter, and white matter. VBM5 uses a unified segmentation approach that integrates image registration, MRI inhomogeneity bias correction, and tissue classification [14, 15] . The final images have improved signal-to-noise ratio. Tissue priors were not used for the segmentation to reduce population-specific bias and to avoid circularity problems because the initial image registration does not require initial tissue segmentation and vice versa [15, 16] . By application of the Hidden Markov Field model to the segmented images, uncorrected voxels that were unlikely to represent determined tissue were also removed. The final result was better tissue classification. Images were also modulated to preserve the amount of gray matter deformed in the normalization process. Finally, all images were smoothed using a 10-mm full-width at half maximum gaussian kernel. This final step reduced the variability of the gray matter segmented images and allowed comparisons between groups.
Statistical analysis was performed using a general linear model. Analysis of covariance was conducted with age, gender, and total intracranial volumes as covariates. For these analyses, an absolute threshold masking of 0.1 was included. Analyses were conducted by searching for areas of increased and decreased gray matter volumes by comparing patients and controls. Because the objective of this study was specifically to evaluate the thalamus, a region of interest (ROI) analysis was performed for each thalamus. The ROI used was a mask of the thalamus with 7500 voxels for each side and the same number of resels [17] . This mask was also used for automatic volumetry. The level of significance selected was P b 0.05 corrected for multiple comparisons (false discovery rate).
Volumetry
The Individual Brain Atlases using the Statistical Parametric Mapping (IBASPM) toolbox was used for automatic volumetry of the thalamus and for total intracranial volume estimation. This software is an atlas-based method that uses spatial normalization and segmentation routines of SPM for volume acquisition [17] . Segmented and normalized images were automatically labeled based on the Atlas of Anatomical labeling (AAL). Thalamic volumes obtained were normalized according to total intracranial volume. Registration and labeling accuracy was checked and observed for all participants. The volumes of the patients were compared with those of the controls using analysis of variance. Statistical significance was set at P b 0.05. Tukey's multiple comparison test was used for post hoc analysis among the subgroups.
Shape analysis
Volumetry is a method that cannot identify the exact point of structural abnormality. Furthermore, volumes may be equivalent and morphology may differ among structures. Shape analysis is a method that can help determine these differences and improve the visualization of structural abnormalities. For this investigation, we used thalami segmented by IBASPM. Shape analysis was conducted using parametric boundary descriptions (spherical harmonics, SPHARM) [18] . The segmented images were processed to correct small interior holes, and a minimal smooth operation was performed. Images were then converted to segmented meshes and submitted to spherical parameterization. SPHARM descriptors were computed from the mesh and its spherical parameterization. The SPHARM descriptors were analyzed and sampled into triangulated surfaces. Group analysis was performed using Hotelling's t 2 test, a multivariate version of Student's t test. Statistical and distance maps between the mean surfaces of the control and patients groups were provided to visualize the results [18] .
Results
Demographics data
Twenty-one patients with JME (13 women, mean age=30± 9, range: 20-50) were included in this study. Family history of epilepsy was present in 17 patients. Seven patients had myoclonic, absence, and generalized tonic-clonic seizures at the time of evaluation. The remainder of the patients had a combination of myoclonic and generalized tonic-clonic seizures. Mean age at seizure onset was 13± 8 years (range: 4-45). Mean time since last seizure was 4±3 years (range: 1-12). Sixteen patients were being treated with valproate, three with carbamazepine, and two with phenobarbital.
Electroencephalography data
Seventy-nine EEGs were recorded (mean = 3.7 exams per patient, range: 1-9). Generalized discharges were observed in 45 exams (mean = 2.1 exams with generalized discharges per patient, range: 1-7). Focal abnormalities (defined as well-characterized focal sharp or slow waves and clear asymmetries of frequency and amplitude) were observed in 10 exams of four patients. Twenty-four EEGs were normal.
Structural findings
Qualitative analysis of the sequence used for this investigation was normal in all patients and controls. All three quantitative methods used indicated differences between patients with JME and controls.
Voxel-based morphometry ROI analysis identified areas of thalamic atrophy in the anterior portion the thalamus (coordinates: x = −5, y = −10, z = −1 and x = 6, y = − 9, z = − 3; cluster size: 153 for the left and 20 for the right thalamus; P value 0.017 and 0.034 false discovery rate corrected). Fig. 1 illustrates these results.
Automatic volumetry showed differences in the left and right thalamic volumes of patients as compared with controls (P = 0.03). However, post hoc analysis did not detect differences in the subgroups. The mean normalized thalamic volumes of the patients were 4053 ± 375 mm 3 for the left thalamus and 4349 ± 380 mm 3 for the right thalamus. Mean normalized thalamic volumes of controls were 4097 ± 415 mm 3 for the left thalamus and 4270 ± 298 mm 3 for the right thalamus (Fig. 2) . Shape analysis revealed differences between patients with JME and controls in the anterior and inferior portions of the right thalamus and in the anterior portion of the left thalamus. Distance maps confirmed that these areas had major displacements as compared with the mean thalamic shapes of patients and controls (Fig. 3) .
Discussion
The present investigation emphasizes the involvement of the thalamus in JME. Additional information regarding the participation of the thalamus in the mechanism of generalized seizures and JME was also provided. Our investigation demonstrates that thalamic atrophy is localized to the anterior and inferior portions of this structure. Anatomically, the nuclei in the anterior portion of the human thalamus have extensive connections with cortical structures. This integration is a key point in the pathophysiology of GSW discharges in IGEs [4] .
Previous investigations have demonstrated thalamic atrophy in patients with IGEs. The reported regions of atrophy were not uniform and included the ventrolateral, ventromedial, and medial dorsal thalamus [8, 9, 19] . Intriguingly, previous analyses of patients with IGEs and absence seizures performed by our group identified increased anterior thalamic volumes [6, 7] . Some investigators have failed to observe any thalamic abnormalities [20, 21] . A possible explanation for these differences may be methodological differences in VBM. Indeed, there is considerable variability of the gray matter across different scanners observed in the thalamic nuclei [22] , and previous studies have confirmed that the variation in this area is relatively large [23] . Another point is that all of these investigations were performed in different groups of patients. Our previous investigation was performed in patients with absence seizures. In the current investigation, only seven patients had absence seizures. These findings support the hypothesis of different mechanisms for generalized seizures. Thalamic anatomy may be modulated by other factors as well. Seizure frequency, antiepileptic drugs, and genetic profile may also influence the final arrangement of the thalamus. Therefore, current results suggest that thalamic morphology is associated with the subsyndrome and the predominant seizure type in patients with IGEs.
With the use of EEG-fMRI techniques, previous investigations have demonstrated significant thalamic activation in patients with IGEs [24, 25] . Anterior, centromedian, and parafascicular thalamic nuclei were also activated during GSW discharges [26] . Additionally, these authors suggested that centromedian and parafascicular thalamic nuclei are involved in the maintenance of GSW discharges based on different time courses of activation [26] . Interestingly, the topography of the structural abnormality disclosed in this study is related to the centromedian-parafascicular complex identified in the EEG-fMRI findings.
White matter abnormalities have been described in a region related to the anterior thalamus and prefrontal cortex [27] . In this previous study, the authors used diffusion tensor imaging voxelwise analysis to compare 10 patients with JME with a control group. The observation of an atrophic anterior thalamus as described here may be related to the diffusion tensor imaging findings depicting the abnormal network of JME patients. The current methodology is not able to pinpoint the exact mechanism behind those areas of thalamic atrophy. However, there is evidence of increased interictal thalamic metabolism which is related to the amount of spike-wave activity [28] . This increased metabolism may be related to tissue damage and thalamic atrophy in patients with JME, especially those with generalized tonic-clonic seizures. This hypothesis is plausible as there are reports that thalamic volumes are correlated with the duration of epilepsy in JME, and in focal seizures the duration of epilepsy is also associated with the amount of gray matter loss [19, 29] . Further neuroimaging investigations of patients with IGE with a more homogeneous clinical and electroencephalographic phenotype would be helpful in gaining an understanding of IGEs.
Our multimodal approach allowed us to detect a reduction in the volume of the thalamus in the anterior portions. The congruence of VBM and shape analysis makes our results credible. The reduction in N-acetyl aspartate described in MRS investigations probably is ) and normalized according to total intracranial volume. JME, juvenile myoclonic epilepsy.
connected to these structural findings. Neuronal or axonal metabolic dysfunctions are possible explanations for the decreased concentration of N-acetyl aspartate. Therefore, the changes observed in thalamic morphology may be related to this abnormality [11, 30] .
The evidence available in the literature to date strongly supports a cortical origin of the GSW and seizure generation for JME [4, 31] . However, although involvement of the thalamus occurs secondarily, its participation is essential in seizure pathogenesis. Again, it is difficult to conceive the exact underlying abnormalities behind the changes in thalamic shape and volume detected here. The interconnections between cortical areas and the thalamus are very extensive and several structures could be implicated. Furthermore, using EEGfMRI one study clearly demonstrated important intersubject variability of activated areas, including the thalamus, in patients with absence epilepsy [31] . This evidence supports an association of varied mechanisms and networks with absence seizures. The impact of these findings in the thalamic structure remains to be established. Hence, this peculiarity may also be responsible for the divergence between the findings on thalamic volumes in patients with IGE.
One potential drawback of the current investigation is that the thalamic boundaries are subtle and 2-T MRI is not able to clearly differentiate the thalamic nuclei. With higher MRI field strength and new imaging techniques, this problem will probably be progressively reduced and the precise nuclei involved in the mechanisms of IGE may be determined. This recognition is important because it may open several opportunities for research which includes the fields of diagnosis, treatment, and genetic investigations.
Automatic segmentation and ROI-based VBM produce volumetric results comparable to those obtained with manual segmentation [32] . The automatic processing of the images implemented in these methods reduces the time of interaction with the machine and investigator bias. For this reason, these techniques are considered powerful tools for the detection of structural abnormalities in the brain. Shape analysis is another interesting method for investigating brain structures because of its ability to precisely locate morphological changes. Moreover, shape analysis can detect structural abnormalities that are not observed by conventional volumetry. The combination of all these neuroimaging techniques and modalities is important because they use different approaches, and therefore, the results may be cross-referenced. Thus, the comprehensive use of quantitative MRI is a crucial step in the investigation and understanding of the mechanisms behind epilepsies.
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